The influence of the burst mode is investigated for steel, copper, silver and gold. It is shown that the gain in the removal rate, reported in literature, is generally caused by the lower fluence of the single pulses in the burst which is nearer the optimum value showing higher efficiency. Therefore, identical or even better results are obtained with single pulses of the same fluence but at higher repetition rate. However, for copper, silver and gold and a three pulse burst the second pulse hinders the ablation of the first pulse and it is supposed that it even re-deposits material. But compared to the first pulse the energy of the third pulse is much better converted to removed material leading to a real gain of 16% in efficiency for copper. An explanation of this typical behavior and its absence in the case of steel can be given by models of the ablation process dealing with a bulging and/or spalled layer and plasma as well.
Introduction
Ultra-short laser pulses have shown their applicability for high quality laser micromachining of metals, semiconductors and insulators in manifold applications. However, to effectively enter into the large field of industrial applications the demand of high throughput still represents one of the key factors. The burst mode was identified as a method increasing the throughput. As most ultra-short pulsed laser systems are arranged in a MOPA arrangement pulse bursts are basically generated as illustrated in fig. 1 : The pulse picker reduces the repetition rate fS of the seed oscillator to the desired repetition rate fL of the laser system. This picker is capable of letting pass not only single pulses but a sequence of n pulses, which is then amplified in the following stages. The bursts are following each other with the repetition rate fL, i.e. a time spacing of Δ = 1/ , whereas the time spacing between the pulses in the burst is given by Δ = 1/ . The highest possible number nmax of pulses in a burst and Δ depend on the laser system. Some systems offer the possibility to suppress individual pulses in the burst sequence or even to adjust its energy.
Although bursts for ultra-short pulsed lasers are known for years, systematic studies for laser micromachining with bursts are only rarely published. In the case of glasses bursts are used e.g. for welding [1] , writing of gratings or waveguides [2, 3] or cutting [4] [5] [6] . For steel C75 and 12 ps pulses the influence of Δ was investigated in steps of 20 ns for two pulse bursts [7] . It was shown, that for a two pulse burst containing the total energy of 22 µJ the ablated depth per layer is about 10% higher than twice the one obtained with single pulses at a pulse energy of 11 µJ. But for a burst energy of 4 µJ, corresponding to a single pulse energy of 2 µJ no increase was detected. In both cases rougher surfaces were obtained with bursts up to ∆ ≈ 700 . In [8] results from an adapted two temperature model simulation for a 5 pulse burst with ∆ = 20
were compared with experimental results for copper by measuring the removed volume of machined dimples at 10 kHz, 50 kHz and 100 kHz repetition rate. A good agreement between simulations and experiments as well as a significant higher ablated volume per pulse and time were observed for the 5 pulse burst. Heat accumulation and resulting stronger electron -phonon coupling are supposed to be responsible for this behavior. A dramatic increase of up to a factor of 14 in the specific removal rate compared to single pulses was reported for an 8 or 10 pulse burst when machining tungsten carbide and silicon [9] and even for stainless steel a 10 times higher specific removal rate was observed. But one has to have in mind that the removal rate also depends on the fluence and hence on the pulse energy itself [10] [11] [12] . In case of a Gaussian beam the specific removal rate as a function of the applied peak fluence φ0 reads: Therefore, just to compare removal rates can lead to strong misinterpretations as it can be illustrated with the data for stainless steel obtained in [9] . If the removal rate is shown in function of the laser repetition rate (at a constant average power) single pulses seem indeed to be much less efficient, as illustrated in fig. 2a . But if the specific removal rate is plotted as a function of the energy of the single pulses in the burst, as shown in fig. 2b , it becomes clear that this pulse energy represents the determining factor. Further, the solid curve in fig. 2b , representing the least square fit of the model function (1) , suggests that the experiments were even performed far away from the optimum point with maximum removal rate (2) .
Thus, to have a fair comparison, the removal rate of a n -pulse burst at repetition rate fr,B should be compared with the one of single pulses at a repetition rate of , = • , . Taking this into account most of the improvements concerning the removal rate, reported for bursts, can be explained just by the lower energy per pulse in the burst which is nearer to its optimum value of , = • 0 2 • 0, /2 following (2).
To distinguish between the influence of the pulse energy of a single pulse in the burst and additional effects (e.g. heat accumulation) caused by the short time spacing ∆ in a burst, the specific removal rate was measured as a function of the peak fluence of a single pulse ranging from the threshold up to ten times its optimum value. Only if the maximum value of the specific removal rate obtained with a burst exceeds the one of single pulses, it has a real higher efficiency. Not answered with this study is the question of scalability i.e. if it is possible to scale up the average power by keeping the fluence near its optimum value and maintaining the removal rate and the machining quality. First experiments [13] have shown that copper and brass can be machined with more than 300 W of average power and a removal rate exceeding 40 mm 3 /min by maintaining a good surface quality. In contrast steel 1.4301 (AISI 304) shows a high heat accumulation [14] leading to a bumpy surface for an average power in the range of 100 W and a spot size of w 0 = 28 µm.
Experimental Set-Up
To deduce the specific removal rate squares with a side length of s = 1 mm, 1.6 mm or 2 mm were machined into a metallic target with a constant pitch (distance from pulse to pulse or line to line) of p = 8 µm in x and y direction. This was realized by using a synchronized galvo -scanner [15] with an f = 160 mm f -theta objective resulting in a spot size of about w0 = 16 µm. A FUEGO 10 ps -laser system offering a maximum average power above 40 W at the fundamental wavelength of 1064 nm was used as laser source. With a λ/4 -plate the linear polarization was transformed to circular. The repetition rate can be varied between 200 kHz and 8 MHz. Via the FlexBurst TM option a burst up to 8 pulses with a time spacing of ∆ = 12
can be generated whereas the energy of each pulse in the burst can be adjusted individually.
With the laser repetition rate f L, the pitch p, the number of machined slices NSl and the depth d of the squares, measured with a white light interference microscope (smart WLI from gbs), the specific removal can then be calculated by:
The number of slices was chosen in a way that the number of single pulses per area could be kept constant e.g. for a 6 pulse burst the number of slices had to be 6 times smaller compared to the one for single pulses. As 1, 2, 3, 4, 6 and 8 pulses per burst were investigated the number of slices for single pulses was 192, 96 or 48. The metals investigated in this study were copper DHP (C12 200), steel 1.3401 (AISI 304), silver and gold. The repetition was basically set to 200 kHz but to demonstrate the scalability repetition rates up to 1 MHz and 1.6 MHz were tested for copper and steel, respectively.
Beside the specific removal rate also the amount of the incoming energy which is converted to heat was measured for steel and copper with a calorimetric set-up following [14, 16] .
Experimental Results

General Results for Single Pulses
To demonstrate the scalability of the ablation process, steel and copper were machined with a constant pitch and peak fluence up to a repetition rate of 1.6 MHz and 2 MHz, respectively. No significant influence of the repetition rate onto the specific removal rate up into this regime was observed. As an example the results for steel are summarized in fig. 3 . It has to be pointed out that the applied average power for the repetition rate of 1.6 MHz was 8 times higher than that for 200 kHz for the same value of peak fluence. Steel shows a special behavior concerning high fluences. If its value exceeding about 1.5 times the optimum value cavity formation starts and degrades the machining quality. This cavity formation becomes stronger with increasing fluence and will finally cover the whole surface as e.g. shown in [17] . This cavity formation additionally leads to a reduced removal rate and finally the specific removal rate does not follow the model function (1) for higher fluences. Hence, steel should not be machined with fluences exceeding 1.5 times its optimum value. In contrast for all other investigated metals the deduced specific removal rate exactly follows the model function (1) when the fluence is raised.
The obtained results for the optimum fluence and the corresponding maximum removal rate for the investigated metals steel, copper, silver and gold are summarized in tab. 1. Sake of completeness also the values for brass and nickel are added.
The highest maximum removal rates of about 5 µm 3 /µJ (0.3 mm 3 /min/W) are obtained for the noble metals gold and silver whereas for copper and steel it only amounts about 2.25 µm 3 /µJ.
Bursts on Steel
In a first experiment the specific removal rate of a two pulse burst was deduced for time spacing ∆ of 12 ns, 24 ns, 36 ns and 60 ns. The results for the first 3 spacings are shown in fig. 4 . Compared to single pulses the maximum specific removal drops by about 20% from 2.25 µm 3 /µJ to 1.85 µm 3 /µJ for ∆ = 12 . For 24 ns the drop is reduced to about 3% and it completely vanishes for 36 ns and also 60 ns (not shown here). Hence one can conclude that the specific removal rate for a burst with ∆ > 24 exactly follows the curve of single pulses. Similar results are obtained for a 3 pulse burst as shown in fig. 5 . The drop in the maximum value of the specific removal rate amounts 25%, 15% and 10% for a time spacing of 12 ns. 24 ns and 36 ns. In both cases the value of the optimum fluence is shifted to higher fluences for longer time spacing.
The specific removal rates for a 2, 3, 4, 6 and 8 pulse burst are shown in fig. 6 . The maximum specific removal rate first drops up to 6 pulses per burst and slightly increases for 8 pulses per burst and the value for the optimum fluence is shifted to higher values. The highest value of the specific removal rate is obtained for single pulses. Taking also the results for the 2-and 3-pulse burst with different time spacing into account there exist no situation where a higher maximum specific removal rate can be obtained than for single pulses. Only for a peak fluence exceeding 1.5 J/cm 2 there could be a benefit in efficiency if a burst with 6 or 8 pulses is applied.
Bursts on Copper
The results for a 2 pulse burst with different spacing between 12 ns and 60 ns are summarized in fig. 7 . In contrast to steel a dramatic drop in the specific removal rate of 60% for a spacing of 12 ns, 58% for 24 ns, 53% for 36 ns and 40% for 60 ns can be observed. A drop higher than 50% means that the second pulse redeposits already ablated material or hinders the removal process of the first pulse does itself not remove any material.
A completely surprising result is obtained for 3 pulse bursts. As illustrated in fig. 8 the maximum specific removal rate increases for a time spacing of 12 ns by about 16% compared to single pulses. Considering the drop of 60% for a two pulse burst the 3 rd pulse seems to strongly boost the removal process. For a time spacing of 24ns and 36ns the maximum specific removal rate is lower compared to single pulses. But also for these situations the 3 rd pulse seems to be much more efficient having the 2 pulse burst behavior in mind. A special burst with 12 ns between the 1 st and the 2 nd pulse and 24ns between the 2 nd and the 3 rd pulse did not lead to a higher gain in the removal rate.
For a further investigation the energy of the 2 nd pulse in the burst with ∆ = 12 was adjusted to 0, 25%, 50%, 75% and 100% of the 1 st and 3 rd pulse energy. The peak fluence is then referred to the 1 st and the 3 rd pulse in the burst but to deduce the specific removal rate the reduced energy for the 2 nd pulse has to be considered. These experiments were performed at a repetition rate of 1 MHz and are summarized in fig. 9 . The specific removal rate does not significantly change when the energy of the 2 nd pulse is reduced to 75%. A strong drop starts when it is further reduced to 50% and 25%. For the latter equal removal rates as for a 2 pulse burst with a spacing of 24 ns are obtained. I.e. varying the energy of the 2 nd pulse between 25% and 75% leads to strong variations in the maximum specific removal rate.
The results for bursts with 2, 3, 4, 6 and 8 pulses with a spacing of 12 ns are summarized in fig. 10 . The 4 and 6 pulse burst do not exceed the maximum specific removal rate for single pulses but for 8 pulses in the burst the value of a 3 pulse burst is almost obtained but at a higher peak fluence. However, for the 8 pulse burst the machined squares show a higher roughness and are blackened as shown in [17] .
Bursts on Silver
Compared to copper and steel silver shows a maximum specific removal rate which is about two times higher. As the threshold fluence of φth = 0.36 J/cm 2 is in the same order as for copper this increase is mainly caused by the much higher energy penetration depth of δ = 67 nm. Similar to copper a dramatic drop of the specific removal rate for a 2 pulse burst with a spacing of 12 ns is observed. With 65% this drop is even higher than the one for copper. Again the 3 pulse burst with a spacing of 12 ns between the pulses is much more efficient but it does not exceed the values obtained for single pulses. Also different time spacing (24 ns -24 ns and 12 ns -24 ns) do not lead to higher removal rates as illustrated in fig. 11 .
Bursts on Gold
Similar results as for silver are also obtained for gold as shown in fig. 12 . As the threshold fluence of φth = 0.33 J/cm 2 and an energy penetration depth of δ = 60.8 nm are very similar to silver also the maximum specific removal rate does hardly differ as shown in tab. 1. The drop in the removal rate for the 2 pulse burst with a spacing of 12 ns amounts about 69% which is the highest value observed for the four investigated materials. The 3 pulse burst was investigated with all combinations of 12 ns and 24 ns time spacing. A spacing of 12 ns or 24 ns between all pulses lead to a maximum specific removal rate which reaches almost the value for single pulses. But for 12 ns a strong drop in the removal rate is observed for peak fluences exceeding 2 J/cm 2 . For 24 ns this drop starts later between 2.5 and 3.5 J/cm 2 and is less pronounced. If the first spacing is short (12ns) and the second long (24ns) the maximum value of the specific removal rate seems to exceed the one of single pulses but as this gain may be within the measurement error no clear statement can be made.
Discussion
Single Pulses and Two Pulse Burst
For all four investigated metals a drop in the specific removal rate for a 2 pulse burst has been observed. For steel and copper it has been shown that this drop decreases with increasing time spacing between the two pulses. This behavior is much more pronounced for copper where the drop for a spacing of 60 ns still amounts 40%. For steel the values of single pulses are obtained already for a spacing of only 24 ns. Similar behavior as for copper is expected for silver and gold. The significantly reduced drop for steel may be caused by the much smaller volume or mass ablated per pulse at the optimum point. Using (1) leads to:
The ablated volume per pulse then amounts (w 0 = 15.5 µm) 4.1 µm 3 for steel, 22.4 µm 3 for copper, 50.7 µm 3 for silver and 45.9 µm 3 for gold. The corresponding masses are 0.03 ng, 0.2 ng, 0.53 ng and 0.89 ng. Thus, for steel the removed material or mass per pulse is more than 5 times smaller. Huge differences are also observed in the micrographs. Fig. 13 shows SEM micrographs of the steel surface machined with single pulses (left) and a two pulse burst (right) with a time spacing of 12 ns at the optimum fluence. The single pulse surface shows some small structures and first small cavities can be observed. For the two pulse burst the number of cavities is strongly increased and the structure of the surface equals the one of single pulses. For copper the surface machined with single pulses at the optimum fluence is covered by small "melting splashes" as shown left in fig. 14. For the two pulse burst, shown on the right side, the surface seems to be covered by small melted plates with dimensions of a few µm. Similar results are also observed for silver and gold. This behavior can be linked to the ablation process. In [18] experiments with 200 fs pulses on steel at a high fluence of 20 J/cm 2 have shown that the material removal occurs in two steps. The first ablation phase takes place immediately after the irradiation. This ablation phase is expected to appear due to plasma formation by direct ionization, sublimation, photoelectric and/or thermionic electron emission. The second ablation phase with a strong increase of the plasma luminescence intensity and the formation of a particle wave is delayed by 30 -50 ns with respect to the incident laser pulse. This delay was identified to be a clear indication of involvement of thermal processes like boiling and vaporization. Following [19] a thin layer of thickness d with material in an inhomogeneous phase is formed and starts to bulge after a time 0 = / 0 with c0 the speed of sound in the material and d in the order of the ablation depth. The bulging of this layer continues until it finally leaves the target surface. The formation and bulging of this layer was found for all investigated material (Si(111), GaAs, Ti, Au and Al) when they were irradiated with a 100 fs pulse at 620 nm. In contrast to the experiments in [18] the applied fluence was only moderate e.g. 0.43 J/cm 2 for Si. In [20] the two temperature model, describing the absorption of the optical energy and its transfer to the lattice, is combined with large scale molecular dynamic simulations to calculate the lattice reaction in case of aluminum. This calculations are done for single pulses of a pulse duration of 100 fs, a wavelength of 800 nm and different absorbed fluences from the threshold up to a multiple of it. Also in this work it was found that at least in the wings of the Gaussian beam a layer is formed wich will be spalled from the surface whereas in the center of the beam droplets are ejected. Assuming a surface reflectivity of 91% leads to applied fluences, used for the simulations, which are in the same order than the threshold fluence for single pulses measured for aluminum with 10 ps pulses at 1064 nm in former experiments. Based on these results the following assumption is made: The formation and bulging of the layer described in [19, 20] is assigned to the first ablation phase reported in [18] whereas for the second phase at least parts of this layer vaporize, cause the plasma luminescence and form the particle wave as well. The unvaporized part of this layer forming droplets [20] may partially fall back onto the surface and form the small melting splashes as shown for copper in the left part of fig. 14 . Similar melting splashes were also observed for silver and gold as well as for craters machined in copper at a repetition rate of 50 Hz [21] as shown in fig. 15 . The low repetition rate indicates that these splashes were not formed by heat accumulation and were generated by the ablation process itself. If the optimum fluence going with the maximum specific removal rate for single pulses is applied the ablation depth is in the range of the energy penetration depth and together with c0 the time until the bulging of the layer starts can be estimated. It amounts about 1 ps for steel, 6 ps for copper and 18 ps for silver and gold. All values are far below the minimum time spacing of 12 ns between the burst pulses. As the energy penetration depth for steel is below 10 nm the bulging layer would be very thin or is even destroyed when the second pulse of a burst will impinge on it whereas for the other three metals the layer could still be of notable thickness and be expanding. The second pulse will therefore be partially be absorbed by this expanding layer for copper, silver and gold. The other part of the pulse is assumed to be scattered, reflected or also absorbed by the vaporized part of the ablated material. This could finally lead to a complete shielding of the second pulse and a redirection of a part of the bulging layer and thus to a re -deposition of liquid material on the surface. This is a possible explanation of the drop in the specific removal rate below 50 % of the value obtained for single pulses and the appearance of the surface as it was observed on copper, silver and gold. The not redirected part of the expanding layer and the ejecting droplets should then have higher energy and can therefore expand even faster or it's boiling and vaporization starts earlier.
Three Pulse Burst
Also the behavior of the third pulse can partially be explained by the model. For higher fluences exceeding the optimum value for single pulses the specific removal rate of copper roughly follows the one for single pulses whereas it strongly drops towards the values of a two pulse burst for silver and gold. Compared to copper, these two materials show a doubled energy penetration depth going with a thicker expanding layer. Therefore it may still be present when the 3 rd pulse arrives and can partially absorb, scatter or reflect its energy. In the case of copper, silver and gold and for moderate fluences around or below the optimum value for single pulses the differences in the specific removal rate (for a three pulse burst) to single pulses is much smaller than to the two pulse burst. This means that the energy of the third pulse is converted into removed material with much higher efficiency. This could be explained by the assumption that the second pulse lead to a faster evaporation and expansion of the bulging layer and that the redirected part could be melted. In ideal case the third pulse will not be attenuated by particle or plasma shielding which is, following [23] , expected to be small at our applied fluences. Further the pulse impinges on a partially molten surface. Compared to single pulses the surface is rougher and covered by bigger melting splashes for a three pulse burst as illustrated in fig. 16 for copper and silver. In [23] it is reported that for a wavelength of 10.6 µm the absorbance of copper in the liquid phase is about 3 times higher than in the solid phase. If this would also hold for 1064 nm this could be responsible for the higher efficiency in the conversion of the incoming energy to ablated material for the third pulse in the burst and could finally also explain the 16 % higher maximum specific removal rate obtained compared to single pulses. In [24] the refractive and absorption index of silver and gold was measured in solid and liquid phase. From the obtained values the absorbance can be calculated. It equals about 1% in the solid and 9 % in the liquid phase for gold. Therefore an even higher removal rate for the three pulse burst could be expected. But with no combination of three burst pulses a significantly higher maximum specific removal rate compared to single pulses was observed. A possible explanation could be found in the higher drop for a two pulse burst of 69% compared to 60% which could lead to still higher absorption, reflection and scattering of the third pulse of the burst in the residual layer and droplets. The higher specific removal rate for a burst with 12 ns and 24 ns spacing compared to 12ns and 12 ns or 24 ns and 12 ns confirms this assumption. But for silver, showing almost the same behavior as gold the absorbance in the solid and liquid phase would be 2.2 % and 2.5 %. If the higher efficiency of the third pulse would only be caused by the higher absorbance silver should show a completely different behavior. Further the residual heat i.e. the part of the incoming energy converted to heat in the sample was measured according to [14, 16] . If this energy would mainly be defined by the optically absorbed part, a lower heat for a two pulse burst (due to the blocked second pulse) and a much higher one for the three pulse burst (due to lower reflectivity) would be expected. For copper the results for a 1, 2, and 3 pulse burst and for a 3 pulse burst with varying energy of the second pulse are summarized in fig. 17 . It can clearly be seen that the residual heat amounts about 25% of the incoming energy for all investigated number of pulses per burst. Also for steel it was almost independent of the number of pulses for a 1, 2 and 3 pulse burst. For the three pulse burst with increasing energy of the second pulse the residual heat seems to increase as well. But the measurement error don't allow a clear statement. As the applied method does not directly measure the optical absorption but the amount of the incoming energy converted to heat also additional effects as e.g. the redirected part of the expanding layer for the second pulse and any similar effect for the third pulse contribute to measured residual heat. This could finally explain the measured values but a higher precision in the experimental method is needed for clearer statements. Taking this and the situation with the absorbance of copper, gold and silver in solid and liquid phase into account the situation for the third pulse rests unclear and has to be further investigated. If the time spacing would be variable and not limited to multiples of 12 ns a deeper understanding could help to design optimum combinations of the pulses in a three pulse burst resulting higher specific removal rates.
Summary
The specific removal rate for steel, copper, silver and gold for single pulses and pulse bursts as a function of the peak fluence of the single pulses (per burst) was investigated. It was found that the often reported benefit of the burst mode concerning the removal rate was mainly caused by the peak fluence of the single pulses in the burst which was nearer the optimum value needed for the maximum specific removal rate. Moreover, in general bursts lead to lower specific removal rates and only for copper and a three pulse burst a real benefit of this mode could be observed. For a two pulse burst always a significantly lower removal rate for copper, silver and gold was observed. Whereas for a three pulse burst the specific removal rate increases again and even exceeded in case of copper the one of single pulses by 16%. Based on the literature a model of the ablation process was presented explaining the behavior of a two pulse burst and partially also for the three pulse burst. However, future investigations will be needed to clearly clarify the influence of the third pulse in the burst and the time spacing between the burst pulses.
But it has to be mentioned here that burst will have a benefit regarding the removal rate in the case that the used 
Varying 2 nd Pulse Energy
laser system or beam guiding system limits the repetition rate. In this case it can be more efficient to work with a burst instead of single pulses at higher energy.
